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Abstract
The origin of the anisotropy in physical quantities related to a symmetry-broken (nematic) electronic state is
still very much debated in high-temperature superconductors. FeSe at ambient pressure undergoes a
structural, tetragonal-to-orthorhombic phase transition at Ts≃90 K without any magnetic ordering on further
cooling, which leads to an ideal electronic nematicity. Our unprecedented optical results provide evidence
that the low-energy excitation spectrum in the nematic phase is shaped by an important interplay of the
anisotropic Drude weight and scattering rate. In the zero-frequency limit though, the temperature dependence
of the anisotropic scattering rate plays the dominant role and, combined with the nematic order parameter as
evinced from the high energy optical response, accounts for the anisotropic dc resistivity. This favors the
scattering by anisotropic spin fluctuations as the prominent candidate in governing the properties of the
nematic phase.
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The origin of the anisotropy in physical quantities related to a symmetry-broken (nematic) electronic state is
still very much debated in high-temperature superconductors. FeSe at ambient pressure undergoes a structural,
tetragonal-to-orthorhombic phase transition at Ts  90 K without any magnetic ordering on further cooling,
which leads to an ideal electronic nematicity. Our unprecedented optical results provide evidence that the low-
energy excitation spectrum in the nematic phase is shaped by an important interplay of the anisotropic Drude
weight and scattering rate. In the zero-frequency limit though, the temperature dependence of the anisotropic
scattering rate plays the dominant role and, combined with the nematic order parameter as evinced from the high
energy optical response, accounts for the anisotropic dc resistivity. This favors the scattering by anisotropic spin
fluctuations as the prominent candidate in governing the properties of the nematic phase.
DOI: 10.1103/PhysRevB.98.094506
I. INTRODUCTION
The onset of superconductivity at high temperature seems
to be intimately related to the proximity to symmetry-breaking
states, of which the so-called electronic nematicity advanced
as a key concept [1–3]. Nematicity, which refers to a phase
of broken rotational but preserved translational symmetry, is
a hallmark in iron-based superconductors and was originally
invoked in order to account for the anisotropy in the dc
transport properties of the 122-materials Ba(Fe1−xCox )2As2
below the structural tetragonal-to-orthorhombic phase
transition [4,5].
Furthermore, the interplay of magnetic, structural, and
orbital order is a basic ingredient in novel, unconventional
superconductors [6–8]. In almost all iron-based materials
the structural transition at Ts coincides with or precedes the
magnetic transition at TN and the stripe-type magnetic order is
coupled to the orthorhombic lattice distortion. By symmetry,
all structural, magnetic, as well as orbital properties experi-
ence an in-plane anisotropy, which hampers the determination
of the driving mechanism and microscopic origin of nematic-
ity [8]. In this context, FeSe lately acquired a prominent role
within the panorama of iron-based materials, since it harbors a
tetragonal-to-orthorhombic structural phase transition at Ts 
90 K, where the lattice breaks the C4 rotational symmetry, in
the absence of any subsequent, ambient pressure long-range
*Author to whom correspondence should be addressed: Laborato-
rium für Festkörperphysik, ETH - Zürich, 8093 Zürich, Switzerland;
degiorgi@solid.phys.ethz.ch
magnetic order, prior the onset of superconductivity at Tc =
8 K [9,10]. Therefore, the absence of the Fermi surface folding
due to the antiferromagnetic order allows unambiguously
addressing the intrinsic properties of the nematic state over
a large temperature range.
Scenarios for the origin of the anisotropic physical proper-
ties, arising from nematicity, primarily range between visions
based on the imbalance of the Fermi surface parameters
(like effective mass and carrier concentration, incorporated
in the plasma frequency) or of the charge carrier scattering
rate [11–16]. The optical response is a suitable tool in this
respect, since it gives access to both quantities. Here we
provide data of a thorough optical investigation of FeSe,
consisting of the measurement of the optical reflectivity over
a broad spectral range and as a function of temperature (T )
for samples experiencing a tunable degree of detwinning.
We extract the optical conductivity from the far-infrared up
to the ultraviolet, thus expanding our initial study mainly
limited to the anisotropic electronic excitations [17]. The
low energy scales addressed in this work allow determining
the Drude parameters of the transport properties. Our data
emphasize the intertwined role played by the anisotropic
Drude weight and scattering rate in the anisotropic charge
dynamics. In the dc limit, the T dependence of the anisotropic
scattering rate seems to play the major role. These results,
combined with the order parameterlike T dependence of the
electronic polarization [17], can account for the measured dc
anisotropy as a function of T [18] and support scenarios [7,8]
based on the close connection between spin fluctuations and
nematicity.
2469-9950/2018/98(9)/094506(10) 094506-1 ©2018 American Physical Society
CHINOTTI, PAL, DEGIORGI, BÖHMER, AND CANFIELD PHYSICAL REVIEW B 98, 094506 (2018)
0.40
0.60
0.80
1.00
0
500
1000
1500
–150
–100
–50
0
50
100
Δσ1 (ω
,T;p)= σ1 a-σ1 b ( Ω
cm
) -1
Te
m
pe
ra
tu
re
 (K
) Tem
perature (K
)
20
40
60
80
100
0 bar (c)
20
40
60
80
100(e)0(r) bar(d)1.2 bar
σ1 (ω
) (Ω
cm
) -1
a-axis
b-axis
R
ef
le
ct
iv
ity
102 103 104
0.0
0.5
1.0
FeSe, 10 K at 1.2 bar
a-axis
b-axis
0 200 400
0
500
1000
1500
(a) (b)
Frequency (cm-1) Frequency (cm-1)Frequency (cm-1)
0 2000 4000 6000
(h)
80 K
0 2000 4000 6000
(g)
40 K
p 
(b
ar
)
0 2000 4000 6000
0.0
0.4
0.8
1.2
0.8(r)
0.4(r)
0(r)
(f)
10 K
p (bar)
0 2000 4000 6000
0.0
0.4
0.8
1.2
0.8(r)
0.4(r)
0(r)
(i)
100 K
Frequency (cm-1)
Δσ1 (ω
,p;T)= σ1 a-σ1 b (Ω
cm
) -1–150
–100
–50
0
50
100
FIG. 1. Experimental setup as well as T and p dependence of the optical anisotropy: The upper-left panel schematically shows a sample
inside the mechanical device and emphasizes the orientation of its a and b axis with respect to the direction of the applied stress p. Polarized
light parallel to the orthorhombic (elongated) a and (short) b axis (in our experimental setup Pol 90 and Pol 0, respectively) illuminates the
sample. (a) Representative data of the optical reflectivity [R(ω)] of FeSe at 10 K for p = 1.2 bars (i.e., at saturation) after a ZPC experiment;
it emphasizes the previously discussed optical anisotropy at mid-infrared frequencies [17]. The inset shows Ra (ω) and Rb(ω) from the far-
infrared up to the ultraviolet range with a logarithmic frequency scale. (b) Real part σ1(ω) of the optical conductivity and its blow up pertinent
to the far-infrared range (inset) at 10 K for p = 1.2 bars. (c)–(e) T dependence of the dichroism defined asσ1(ω) = σ a1 (ω) − σ b1 (ω) at 0, 1.2,
and released 0 bar after the p-loop experiment. The thick horizontal dashed line marks Ts . The thin vertical dotted lines in (a) and (d) mark the
frequencies 1000 and 3000 cm−1. (f)–(i)σ1(ω) at selected T below and above Ts within each p-loop experiment. The thin horizontal dashed
line marks p = 1.2 bars (i.e., at saturation). A first-neighbor interpolation procedure is used in order to generate the color maps. Released p is
denoted by (r).
II. EXPERIMENT
Any phase transition that breaks a point group symmetry
naturally leads to domains formation. Tunable uniaxial stress
enforces an adjustable population of domains oriented along
a preferential direction. Our mechanical device for applying
stress, and thus detwinning the samples, is thoroughly de-
scribed in Refs. [19,20] and consists of a spring bellows,
which is made of stainless steel and it is mounted at the
oxygen-free Cu cold finger of the cryostat. The bellows can be
extended/retracted in order to exert and release in situ uniaxial
stress (p) [21] on the lateral side of the sample (upper-left
panel of Fig. 1).
The thick platelike single crystals of FeSe, of 0.3 mm
thickness and approximate in-plane dimensions of 2 × 1.2
mm2, were grown using chemical vapor transport [22]. The
side surfaces of the plates were oriented either along the
tetragonal [101] or [110] direction, with [101] prevailing,
and the c axis is perpendicular to the plane of the plates.
Therefore, the specimens were cut and oriented along the
tetragonal [110] direction such that the short orthorhombic
in-plane b axis is preferentially aligned along the direction of
a compressive stress (upper-left panel of Fig. 1). The relevant
cross sections of our samples, exposed to stress, were typically
0.8–1 × 0.3 mm2.
The T - and p-dependent reflectivity [R(ω)] was measured
at nearly normal incidence [23] with the electromagnetic
radiation polarized along the orthorhombic a [Ra (ω)] and b
[Rb(ω)] axes. Here we discuss data collected after the zero-
pressure-cooled (ZPC) “pressure-loop” (at fixed T ) protocol
[17,19,20]; we reach the selected T without applying stress
and at that fixed T we measure R(ω) at progressively in-
creasing stress (pbellows) from 0 up to 1.2 bars (i.e., tuning the
degree of detwinning). We subsequently collect R(ω) when
releasing stress from 1.2 bars to 0, thus completing the p loop.
The real part σ1(ω) of the optical conductivity was obtained
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via the Kramers-Kronig transformation of R(ω) by applying
suitable extrapolations at low and high frequencies. For the
ω → 0 extrapolation, we made use of the Hagen-Rubens
formula [R(ω) = 1 − 2
√
ω
σdc
], inserting the dc conductivity
values (σdc) consistent with the relative T dependence of the
transport data from Ref. [18], while above the upper frequency
limit R(ω) ∼ ω−s (2  s  4) [23]. Further details about
the sample growth and this experiment can be found in the
Supplemental Material of Ref. [17].
III. RESULTS
Representative R(ω) data of FeSe in the far- (FIR) and
mid-infrared (MIR) spectral range (i.e., for ω < 7000 cm−1)
are shown in the main panel of Fig. 1(a) at 10 K and
with a pressure applied by the spring bellows of pbellows =
1.2 bars, which correspond to the situation for a fully de-
twinned specimen [21]. We will refer to them as optical
response at saturation. The overall metallic optical response
of FeSe is explicitly recognized in the inset of Fig. 1(a) by
the R(ω) increase (i.e., plasma edge) below 2 × 104 cm−1.
The anisotropy of R(ω) between the two polarization di-
rections is clearly visible in the raw data and occurs at
FIR-MIR frequencies, within an energy interval of about
0.5 eV [17], which is fairly consistent with the extent
from the Fermi level of the correlated (squeezed) 3d iron
bands [24–26].
The optical anisotropy of R(ω) at FIR-MIR frequencies
is also reflected in the excitation spectrum, represented by
σ1(ω), as shown at saturation in Fig. 1(b). The inset of this
panel moreover points out the far-infrared spectral range (i.e.,
the dc limit) of σ1(ω). For a more comprehensive and detailed
display of the experimental data we redirect the reader to the
Appendix. Here we highlight the T evolution of the so-called
dichroism σ1(ω) = σa1 (ω) − σb1 (ω) at three selected p of 0,
1.2, and released 0 bar after the p-loop experiment within the
ZPC protocol [Figs. 1(c)–1(e)]. The optical anisotropy sets
in at Ts and is particularly well identified by the change of
sign of σ1(ω) around 1000, 3000, and 5000 cm−1 at sat-
uration. Figures 1(f)–1(i) show σ1(ω) at selected T within
each p-loop experiment, which emphasizes the evolution of
the optical anisotropy at T < Ts upon sweeping p. We can
recognize the hysteretic behavior of the optical anisotropy,
since its saturation value tends to persist at low tempera-
tures, while it vanishes for T → Ts , upon releasing p [see
also Figs. 1(d) and 1(e)] [17]. Furthermore, the anisotropy
at dc (i.e., ω → 0) and for T < Ts is such that σb1 (ω) >
σa1 (ω) for fully detwinned specimens [Fig. 1(d)]. This is
consistent with the measured dc transport anisotropy and is
reminiscent of the situation encountered in the hole-doped
iron-pnictides [18].
IV. DISCUSSION
The anisotropic optical response at MIR energy scales
unfolded here generally relates to anisotropic interband transi-
tions, which shape the joint-density-of-states, directly imaged
by σ1(ω). Such an anisotropy originates from the split of the
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FIG. 2. Fit components of the Drude-Lorentz analysis at 60 K
and 1.2 bars for both polarization directions (i.e., orthorhombic
axes): 1: narrow Drude, 2: broad Drude, 3: harmonic oscillator (h.o.)
for the optical phonon mode (OP), 4: FIR h.o., 5: MIR h.o., 6: VIS-1,
and 7: VIS-2 h.o.’s. There is also a component 8: VIS-3 h.o. in
Eq. (1), which is not shown here, being outside the energy range of
this figure. The thick black dashed line is the total fit.
relevant bands of the order of only a few tens of meV [27]
and highlights the important role of the orbital degrees of
freedom [24,27–36]. Moreover, its change of sign (Fig. 1)
bears testimony to the intricate reconstruction of the electronic
structure in FeSe, specifically between the  and M point of
the Brillouin zone and affecting all Fe 3d orbitals [27]. The
optical anisotropy further implies an important reshuffling of
spectral weight, occurring at larger energy scales than the
characteristic ones set by the critical transition temperatures.
This latter observation is another manifestation of the strong
orbital-selective electronic correlations in FeSe [25–27,36].
Furthermore, it is even more astonishing that the optical
anisotropy at MIR energies was found to act as a proxy for
a mean-field-like order parameter of nematicity [see below,
Fig. 4(d)] [17].
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FIG. 3. Anisotropy of the Drude parameters and calculated dc
transport properties for the p-loop experiment after the ZPC proto-
col: (a)–(c) T and p dependence of the anisotropy of both scattering
rates (aN,B/bN,B ) for the broad (B) and narrow (N) Drude compo-
nents and of the total Drude weight (SWaD/SWbD) of the fit (see text).
(d) T and p (left scale) dependence of the dc anisotropy (ρa/ρb)
calculated within the Drude model. A first-neighbor interpolation
procedure is used in order to generate the color maps. Released p is
denoted by (r). The thick vertical dashed line marks Ts , while the thin
horizontal dashed line indicates p = 1.2 bars (i.e., at saturation). The
red curve in (d) corresponds to the experimental ρa/ρb (right scale)
for fully detwinned specimen [18].
The optical conductivity allows accessing all parameters,
which determine the transport properties; the scattering rate
and the plasma frequency of the itinerant charge carriers.
They can be extracted phenomenologically within the well-
established Drude-Lorentz fit procedure [23], which we did
successfully apply in the past for the 122-materials [37,38].
By recalling that the complex optical conductivity relates
to the complex dielectric function as ˜ = 1 + i2 = ∞ +
4πi(σ1 − iσ2)/ω, we can summarize our Drude-Lorentz fit
procedure as follows [23]:
˜ = ∞ −
ω2pN
ω2 + iωN −
ω2pB
ω2 + iωB
+
8∑
j=3
S2j
ω20,j − ω2 − iωγj
. (1)
Besides several harmonic oscillators for the finite frequency
excitations we consider two Drude terms, a narrow (N) and
a broad (B) one, accounting for the multiband nature of
iron-based superconductors (Fig. 2) [39]. N/B and ωpN/B
are, respectively, the width at half-maximum (scattering rate)
and the plasma frequency (ωp =
√
4πe2n
m∗ ) of the itinerant
charge carriers, with charge e, density n, and effective mass
m*. The parameters for each h.o. at finite frequency are the
strength (S), the center-peak frequency (ω0), and the width
(γ ). In Eq. (1), ∞ is the optical dielectric constant (close
to 1 for all our fits). Within this phenomenological approach
we simultaneously fit both R(ω) and σ1(ω), achieving a good
reproduction of the optical functions, as shown for example
in Fig. 2 for σ1(ω) at 60 K and 1.2 bars along both axes.
A full account of the T and p dependence of all fit parameters
is provided in the Appendix.
The main results of our analysis are summarized in Fig. 3,
where the anisotropy of a,bN,B [Figs. 3(a) and 3(b)] for both
Drude terms as well as of the total Drude weight [SWa,bD =
ω2pN + ω2pB , Fig. 3(c)] is shown as a function of T within
the p loop. Such an anisotropy, defined as the ratio of the
fit parameters between the a and b axis, develops upon
progressively detwinning the specimen, particularly in the T
interval between 40 and 80 K, and vanishes upon releasing
p back to zero. The cut of the color maps in Figs. 3(a)–3(c)
at saturation [see Figs. 9(a)–9(c) in the Appendix] indicates
that the anisotropy of all Drude quantities for fully detwinned
samples is weak just above Ts , reaches its maximum value
around 60–70 K, and substantially drops upon further low-
ering T to 10 K (i.e., just above Tc). It is worth noting that
a recent approach based on orbital-selective spin fluctuations
[24,32,33] can explain the emergence of the orbital ordering,
as well as of the anisotropy in the scattering rate and plasma
frequency, revealing the spin-orbital interplay and in broad
qualitative agreement with our findings.
From the Drude parameters, one can reconstruct the
dc resistivity [1/ρ(T ) = σ1(ω = 0, T ) = ω
2
pB
4πB +
ω2pN
4πN ]. The
resulting anisotropy ρa/ρb, shown in Fig. 3(d) [see also
Fig. 9(d)], gets stronger upon applying p, specifically in
the T interval 40 K < T  Ts . Similarly to the findings
in the 122-materials [37,38], both scattering rates and total
Drude weight, extracted from the electrodynamic response,
consistently cooperate in order to recover the measured dc
anisotropy [18], which also provide a reliability check of
our analysis. Such an interplay among the Drude parameters
with respect to the dc properties is even more stringent, since
the anisotropy in the scattering rate (a > b) does coincide
with the measured dc anisotropy (ρa > ρb) [18], as expected
within the Drude model (i.e., ρ(T ) ∼  [23]). In contrast and
interestingly enough, the anisotropy of the total Drude weight
(SWaD > SWbD) is opposite and unexpected within the Drude
model for which ρ(T ) ∼ 1/ω2p [23].
Before going any further, it is instructive to recall the con-
clusions drawn from our previous data on the 122-materials
[37,38]. Our phenomenological analysis led to the claim that
the dc transport anisotropy in the orthorhombic long-range
antiferromagnetic state is determined by the anisotropy of
both Drude spectral weight and scattering rates. In the param-
agnetic tetragonal phase, though, the dc resistivity anisotropy
of strained samples is almost exclusively due to p-induced
changes in the Drude weight rather than in the scattering
rate, which pleads for the anisotropy of the Fermi surface
parameters as the primary effect driving the dc transport
properties in the electronic nematic state. Nonetheless, while
our early findings [37,38] can also be broadly reconciled with
the general predictions based on a scenario for which inelastic
scattering by anisotropic spin fluctuations plays the dominant
role [40], within the same theoretical framework one can
equally argue that caution must be applied when relating the
Drude parameters from optics to the transport properties. Fur-
thermore, the antiferromagnetic order related to the stripelike
SDW state in 122-materials severely complicates the analysis,
since the magnetic state breaks the translational symmetry and
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leads to the anisotropic reconstruction of the Fermi surface,
thus making the present study on FeSe even more compelling.
In order to elaborate on possible ingredients for nematic-
ity in FeSe, we present the results of our analysis from a
different perspective in Fig. 4, where the T dependence of
the anisotropic Drude parameters at saturation is compared
to the average dc resistivity [18]. First of all, we emphasise
again the anisotropy in all Drude quantities, which is mostly
evident around 60–70 K, consistent with the anisotropy of
the transport dc properties for the strained sample [Fig. 3(d)]
[41]. The comparison reveals that, at variance with early
conclusions drawn from our optical results in 122-materials,
the Drude weight has a less strong impact on the T depen-
dence of the dc resistivity [Fig. 4(c)] than the scattering rates
for both narrow and broad Drude terms. In particular, the
scattering rates closely follow the dc resistivity as a function
of T [Figs. 4(a) and 4(b)]. Such a dominant role of our
phenomenological Drude scattering rates convincingly sup-
ports previous conjectures [40] that inelastic scattering of
electrons (e.g., off magnetic fluctuations) would mainly affect
the dc transport properties.
The frequently observed intimate coupling between struc-
ture and magnetism in iron-based materials motivates ideas
for nematicity based on magnetic interactions even when
nematic order precedes the magnetic one [6,40,43]. The
tetragonal-to-orthorhombic transition in iron-pnictides would
then be induced by magnetic fluctuations at T > TN , and it is
possible that the same mechanism is even at work for FeSe
with TN ∼ 0. Interestingly, the dc resistivity anisotropyρ =
ρa − ρb in FeSe displays an overall domelike T dependence
peaked at ∼70 K [18], which must arise from the convolution
of two functions: the order parameter of the nematic phase
transition [Fig. 4(d)], which breaks the same symmetry asρ
and therefore it is proportional to it, and a proportionality fac-
tor monotonically decreasing in T [18]. That T dependence
of the proportionality factor is most naturally explained if it
is due to inelastic scattering, for instance by anisotropic mag-
netic excitations [18]. Indeed, the electronic scattering rates
in Figs. 4(a) and 4(b) exhibit such a T dependence, so that
in conjunction with the nematic order parameter [Fig. 4(d)]
they conspire in order to reproduce the resistivity anisotropy
[Fig. 3(d)].
V. CONCLUSION
We have evinced, within one single experiment, all relevant
ingredients (order parameter and Drude quantities, Fig. 4)
determining the anisotropy in the charge dynamics as well
as in the dc transport properties in FeSe. Whereas the in-
terplay between orbital order [17,19,20] and the intertwined
anisotropy of the Drude parameters (Figs. 3 and 4) cannot be
neglected when addressing the complete excitation spectrum
[24,32,37,38], the inelastic scattering by magnetic fluctuations
rather than the Fermi surface parameters seems to determine
the nematic anisotropy in the dc limit. In a broader context,
our findings promoting the relevance of magnetic interactions
may support proposals [7,8] advocating a close connection
between spin fluctuations, nematicity (i.e., orbital order), and
superconductivity.
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APPENDIX
1. Complementary results
a. Stress dependence of the optical conductivity
at selected temperatures
A first general observation upon recalling the optical
R(ω) data, already deployed in Ref. [17] and Fig. 1(a), is
that their p-induced polarization dependence vanishes at
photon frequencies above 6000 cm−1 (0.74 eV), which is
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FIG. 5. The color maps display the stress (p) dependence of the real part σ1(ω) of the optical conductivity up to 6500 cm−1 along the a
and b axis at selected temperatures: (a) and (b) 10 K, (d) and (e) 40 K, (g) and (h) 80 K, and (j) and (k) 100 K. Data have been collected along
the p-loop experiment after the ZPC protocol and have been interpolated using a first-neighbor interpolation procedure to generate the color
maps. Released p are denoted by (r). The in-plane optical conductivity of FeSe at p = 1.2 bars (i.e., at saturation, thin horizontal dashed line
in the color maps for both axes) is also shown at the same selected temperatures: (c) 10 K, (f) 40 K, (i) 80 K, and (l) 100 K.
true for all temperatures. At T < Ts we identify two distinct
spectral ranges centered around 1000 and 3000 cm−1 (0.12
and 0.37 eV, respectively), where the optical anisotropy
peaks upon increasing stress, yet with opposite sign [i.e.,
Ra (ω) > Rb(ω) and Ra (ω) < Rb(ω) around 1000 and
3000 cm−1, respectively]. Furthermore, Ra (ω) < Rb(ω) at
T < Ts when entering the far-infrared spectral range toward
the dc limit [i.e., ω < 500 cm−1 (62 meV)], thus reversing
again the sign of the optical anisotropy [17]. Such a T -, p-
and polarization-dependent behavior of R(ω) is then imaged
in the real part σ1(ω) of the optical conductivity. A sampling
of σ1(ω), achieved from the Kramers-Kronig transformation
of our original R(ω) data, at selected temperatures above
and below Ts , is indeed shown in Fig. 5 as a function of the
applied stress within the p-loop experiment after the ZPC
protocol. Upon entering the orthorhombic phase there is
first an evident depletion of the optical conductivity in the
mid-infrared (MIR) range (i.e., around 2000 to 3000 cm−1)
for both directions and at any applied p (see below for more
details). Moreover, the optical anisotropy achieved upon
applying p gets stronger for T < Ts . This is clearly seen for
the cut of the color maps at saturation [i.e., at pbellows = 1.2
bars, Figs. 5(c), 5(f) 5(i) and 5(l)]. The panels of the third
row in Fig. 5 emphasize furthermore the change of sign of the
optical anisotropy at MIR frequencies (i.e., between 1000 and
3000 cm−1), already pointed out in our previous work [17]
and recalled in Figs. 1(a) and 1(b).
b. Temperature dependence of the optical conductivity
at zero stress and at saturation
Complementary to the color maps of Fig. 5, which fo-
cus the attention on the anisotropic behavior of the charge
dynamics within the p loop at selected T , Figs. 6 and 7
show σ1(ω) at 10, 60, 70, 80, 90 K at 0 and 1.2 bars (i.e.,
at saturation) up to 7000 and 1000 cm−1, respectively. These
data are compared in each panel with the corresponding
results at 100 K, thus above Ts . The upper panels refer to
the a axis, the lower ones to the b axis. The emphasis is
here on the depletion of the optical conductivity in the MIR
range (i.e., around 2000 to 3000 cm−1) for both directions,
for any applied p and as soon as T < Ts (Fig. 6). Figure 7
confirms the metallic nature of FeSe, with a dc limit of the
optical conductivity for both directions which is progressively
enhanced upon lowering the temperature. The presence of
the phonon mode, compatible with previous observation on
twinned samples [44], is a further confirmation of the quality
of our specimens. Finally, we reinforce our statement that
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FIG. 6. Real part σ1(ω) of the optical conductivity up to 7000 cm−1 at 10, 60, 70, 80, 90 K at 0 and 1.2 bars (i.e., at saturation). These data
are compared in each panel with the corresponding results at 100 K, thus above Ts . The upper panels refer to the a axis, the lower ones to the
b axis.
σ1(ω → 0) along the b axis is systematically higher than
along the a axis, which agrees with the sign of the transport
anisotropy in the dc limit [18].
2. The Drude-Lorentz fit of the optical response
From the phenomenological point of view, we first reiterate
that the multiband nature of the ferropnictides can be rea-
sonably well reproduced by two Drude terms (Fig. 2), which
model the free carriers response as two separate, uncorrelated
electronic subsystems rather than a single dominant band [39].
However, an orbital assignment of both Drude terms is not
immediately obvious. Furthermore, the assignment of the FIR
and MIR h.o.’s (Fig. 2) to specific interband transitions as
well as their evolution upon changing the tunable variables
also await the thorough estimation of the joint-density-of-
states (i.e., the quantity effectively imaged by the optical
conductivity) from the band structure calculation. At this point
it is just worth noting that the absorption feature peaked at
5000 cm−1 in σ1(ω) (MIR h.o.) is overall similar to the find-
ings in BaFe2As2 [38]. The optical conductivity for materials
of the 122-family was then found to be broadly consistent with
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FIG. 7. Real part σ1(ω) of the optical conductivity up to 1000 cm−1, emphasizing the far-infrared spectral range, at 10, 60, 70, 80, 90 K at
0 and 1.2 bars (i.e., at saturation). These data are compared in each panel with the corresponding results at 100 K, thus above Ts . The upper
panels refer to the a axis, the lower ones to the b axis.
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the calculations by Lv and Phillips in Ref. [45], within the
five-orbital Hubbard model using a self-consistent mean-field
theory. It turns out that the inclusion of both orbital and
magnetic order is essential towards a coherent description of
the 122-family. However, it remains to be seen, whether this
latter scenario may account for the optical response of FeSe,
as well.
We now comment on the dependence from the tunable
variables of the Drude-Lorentz quantities. First of all, the
plasma frequencies ωpN/B and the scattering rates N/B of the
narrow and broad Drude components are shown in Figs. 8(a)–
8(h) for both crystallographic directions as a function of p and
T. As elaborated in the main text, we like to emphasize the im-
balance of the plasma frequencies (i.e., ultimately the Drude
weight, color shaded area in Fig. 2) for both Drude terms
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[i.e., at 1.2 bars, thin horizontal dashed line in Figs. 3(a)–3(d)],
representing the anisotropy of the quantities evinced from the Drude
fit. The anisotropy of all Drude parameters and the calculated
dc conductivity is compared to the anisotropy of the measured
dc resistivity (ρa/ρb) [18]. The vertical dashed line in all panels
indicates the transition temperature Ts .
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between both axes, which appears below Ts for the progres-
sively detwinned sample. As far as the scattering rates are con-
cerned, one can particularly appreciate their overall (metal-
liclike) suppression upon decreasing T and the anisotropy
(a > b) developing below Ts upon detwinning the samples,
particularly for the broad Drude component (Fig. 8). Com-
plementary to the discussion in the main text, we point out
in Fig. 9 the T dependence at saturation [i.e., cut at 1.2 bars
in Figs. 3(a)–3(d)] of the anisotropy of the Drude parame-
ters and calculated dc conductivity within the Drude model,
compared to the experimental dc transport anisotropy ρa/ρb
from Ref. [18]. For fully detwinned samples, the anisotropy
of the Drude parameters peaks at about 60 K. Even though the
dc transport properties are fairly well reproduced within the
Drude model [Fig. 9(d)], we note again the importance of the
interplay of the (Drude) fit parameters.
Figures 10, 11, and 12 show the p and T dependence of
the peak frequency ω0 [(a) and (b)], the width γ [(c) and (d)],
and the oscillator strength S [(e) and (f)] of the optical phonon
mode, FIR, and MIR h.o.’s. Table I summarizes the same fit
parameters for the three h.o.’s (VIS-1/2/3), which turn out
to be totally p and T independent. Here we only focus our
attention on the oscillator strength [Figs. 10(e), 10(f) 11(e),
11(f), 12(e), and 12(f)], which relates to the spectral weight of
the excitations at finite frequencies. The h.o. for the phonon
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FIG. 12. p and T dependence of the fit parameters for the MIR
h.o. The panels show the peak frequency ω0 (a) and (b), the width
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respectively. A first-neighbor interpolation procedure is used in order
to generate the color maps. The horizontal dashed line indicates the
transition temperature Ts . Released p are denoted by (r).
mode substantially acquires strength along the b axis with
respect to the a axis, when entering the nematic state at low
temperatures for the detwinned sample. The FIR and MIR
h.o.’s display an opposite, mirrorlike behavior in the p and
T dependence of their oscillator strength, which underlines
the reshuffling of spectral weight among them for each axis,
within the nematic phase in single domain samples. This also
implies an opposite anisotropy of the electrodynamic response
between the FIR and MIR spectral range (Fig. 1).
Finally, it is of interest to point out that almost all fit
parameters do manifest a hysteretic behavior upon sweeping
p within the p-loop experiment at T < Ts .
TABLE I. Peak frequency (ω0j ), strength (Sj ), and width (γj )
of the three p- and T -independent h.o.’s in the visible-UV spectral
range [components j = 6–8 in Eq. (1) and Fig. 2].
h.o. [j in Eq. (1)] ω0j (cm−1) Sj (cm−1) γj (cm−1)
VIS-1 (6) 9 800 52 038 83 086
VIS-2 (7) 11 910 14 831 7 992
VIS-3 (8) 25 491 5 328 2 628
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